Minneci PC, Deans KJ, Shiva S, Zhi H, Banks SM, Kern S, Natanson C, Solomon SB, Gladwin MT. Nitrite reductase activity of hemoglobin as a systemic nitric oxide generator mechanism to detoxify plasma hemoglobin produced during hemolysis. Hemoglobin (Hb) potently inactivates the nitric oxide (NO) radical via a dioxygenation reaction forming nitrate (NO 3 Ϫ ). This inactivation produces endothelial dysfunction during hemolytic conditions and may contribute to the vascular complications of Hb-based blood substitutes. Hb also functions as a nitrite (NO 2 Ϫ ) reductase, converting nitrite into NO as it deoxygenates. We hypothesized that during intravascular hemolysis, nitrite infusions would limit the vasoconstrictive properties of plasma Hb. In a canine model of low-and high-intensity hypotonic intravascular hemolysis, we characterized hemodynamic responses to nitrite infusions. Hemolysis increased systemic and pulmonary arterial pressures and systemic vascular resistance. Hemolysis also inhibited NO-dependent pulmonary and systemic vasodilation by the NO donor sodium nitroprusside. Compared with nitroprusside, nitrite demonstrated unique effects by not only inhibiting hemolysis-associated vasoconstriction but also by potentiating vasodilation at plasma Hb concentrations of Ͻ25 M. We also observed an interaction between plasma Hb levels and nitrite to augment nitroprusside-induced vasodilation of the pulmonary and systemic circulation. This nitrite reductase activity of Hb in vivo was recapitulated in vitro using a mitochondrial NO sensor system. Nitrite infusions may promote NO generation from Hb while maintaining oxygen delivery; this effect could be harnessed to treat hemolytic conditions and to detoxify Hb-based blood substitutes.
blood flow; vascular endothelial function; blood substitute; vascular biology ENDOTHELIUM-DERIVED NITRIC OXIDE (NO) plays a central role in vascular physiology as an autocrine and paracrine vasodilator molecule that maintains basal vasomotor tone, mediates flowmediated vasodilation, and inhibits platelet aggregation and endothelium adhesion molecule expression. NO's ability to diffuse as an endocrine molecule in blood is limited by an extremely rapid dioxygenation reaction with oxy-hemoglobin (oxy-Hb) to form the inert nitrate (NO 3 Ϫ ) (20, 21, 35, 36, 42, 61, 62) , as follows:
Despite the near diffusion limited nature of this reaction in vitro, the rate of the NO dioxygenation reaction in vivo is limited by the compartmentalization of Hb within the erythrocyte (2, 6 -8, 30, 42, 46 -48, 72-74) . This compartmentalization of Hb in the red blood cell reduces the rate of the inactivation reaction of NO by Hb by ϳ1,000-fold, allowing NO to regulate vasodilation despite the presence of 10 mM intravascular red cell Hb.
During intravascular hemolysis, normal NO physiology is disrupted by the release of cell-free plasma Hb, leading to rapid scavenging of NO, vasoconstriction, and organ dysfunction (52, 79) . Repeated episodes of intravascular hemolysis with NO scavenging may play a role in the long-term complications of sickle cell disease and other intravascular hemolytic disorders (1, 17, 19, 41, 59, 65) . Similarly, the administration of cell-free Hb-based blood substitutes leads to excessive NO scavenging by Hb and may have contributed to the increased rates of pulmonary and systemic hypertension, decreased organ perfusion, gastrointestinal spasms, and increased mortality in clinical trials of cell-free Hb-based blood substitutes (14, 15, 28, 29, 77) . In addition to NO scavenging, another potential mechanism that may contribute to the vasoconstrictive effects of cell-free Hb includes increased oxygen delivery to resistance vessels by cell-free Hb (9, 44) .
In addition to endothelium-derived NO, accumulating evidence suggests that an intravascular NO storage molecule exists that can produce NO in hypoxic tissues independent of NO synthase pathways (10, 21, 25, 26, 31, 33, 39, 42, 56, 57, 71) . Debate remains about the exact systemic storage form(s) of NO that can account for hypoxic vasodilation, but one potential candidate is the nitrite anion (NO 2 Ϫ ) (10, 18, 21, 23, 27, 31, 33, 50, 60, 76) . Multiple groups have recently reported vasodilatory effects of nitrite at both physiological and pharmacological doses (4, 10, 13, 34, 37, 43, 45, 49, 51, 53, 56) . The proposed mechanisms of nitrite-induced vasodilation involve the reduction of nitrite to NO by acidic disproportionation, xanthine oxidoreductase activity, or the nitrite reductase activity of Hb (10, 11, 24, 31, 33, 49, 51, 54, 80) . The first two mechanisms are likely to have limited physiological roles because they require a low pH and near anoxia (21) . However, recent evidence suggests that the nitrite reductase activity of Hb likely plays an important role in hypoxic vasodilation and may have significant therapeutic implications for various human disease processes (10, 11, 31, 33) .
The reduction of nitrite by Hb is enhanced during physiological hypoxia and as proton concentration increases (5, 16) .
deoxy-HB ϩ HONO 3 met-Hb ϩ NO ϩ OH Ϫ
Analogous to bacterial nitrite reductases (concerted electron and proton transfer to nitrite), the reduction of nitrite to NO requires a one-electron reduction of nitrous acid (33) . Within the Hb tetramer, the proton dependence of nitrite reduction decreases from 1.0 to 0.88 secondary to a small stabilizing effect of the proton on the T state (tense; deoxy) of Hb (redox Bohr effect) (16) . Hb functions as an allosteric nitrite reductase with a maximal NO generation rate around the intrinsic Hb P 50 (50% Hb saturation with oxygen) due to the conformational change of Hb from the R (relaxed; oxy) state to the T state during deoxygenation from artery to vein (11, 31, 33) . This dependence of the nitrite reductase activity of Hb on physiological hypoxia and acidosis allows for a metabolic "sensing" mechanism that leads to maximal NO generation in ischemic and hypoxic tissues (11, 21, 31, 33, 42) . Supporting this theory, a number of laboratories have confirmed that deoxygenating Hb and myoglobin in the presence of nitrite generates NO in vivo and generates cGMP, causes vasodilation, and inhibits cytochrome c oxidase of the mitochondrial electron transport chain (an NO effect) in vitro (10, 11, 38, 56, 64, 66, 70) . In a recent study, Rassaf and colleagues (64) infused nitrite in vivo in mice and measured the change in energy for ATP hydrolysis using MRI spectroscopy. They showed that nitrite generates NO in the heart and that this NO inhibits cellular respiration. Interestingly, this effect was only observed in myoglobin wild-type mice and not evident in myoglobin knockout mice, supporting a mechanism for nitrite reduction to NO that requires myoglobin (64, 70) . Thus, Hb and myoglobin can be viewed as oxygen-regulated NO-processing molecules that act as NO scavengers under normoxia via the dioxygenase reaction (Eq. 1) and as NO generators during hypoxia via the nitrite reductase reaction (Eq. 3). We have recently found that this nitrite reductase reaction is coupled to a more complicated nitrite anydrase reaction that generates freely diffusible N 2 O 3 , which provides a mechanism for NO escape from the erythrocyte (3). The allosteric nitrite reductase activity of deoxy-Hb may allow nitrite to have a specific therapeutic role during intravascular hemolysis and during the administration of cell-free Hb-based blood substitutes. According to this hypothesis, as Hb deoxygenates in the microcirculation, it may begin to generate NO as it releases oxygen. Such an effect could theoretically counter NO-scavenging effects of Hb and thus limit vasoconstriction and endothelial dysfunction during hemolysis or infusion of stroma-free Hb-based blood substitutes. To test these hypotheses, we used a previously developed canine model of acute intravascular hemolysis that is characterized by systemic NO scavenging, endothelial dysfunction, and vasculopathy (52) . The sequella of intravascular hemolysis in this model manifests as systemic and pulmonary vasoconstriction, a process that reproduces the toxicities evident during the infusion of cell-free Hb-based blood substitutes and during episodes of acute intravascular hemolysis in patients with hemolytic disorders. We performed experiments to characterize the physiological effects of intravenous sodium nitrite and to determine if these effects of nitrite are influenced by the nitrite reductase activity of cell-free plasma Hb during intravascular hemolysis. Furthermore, we directly compared the effects of nitrite in this setting with a conventional NO donor medication, sodium nitroprusside.
MATERIALS AND METHODS

Experimental Design
All experiments were approved by the Animal Care and Use Committee of the Clinical Center of the National Institutes of Health. Thirty-two purpose-bred beagles (12-28 mo, 9 -12 kg) were studied.
All procedures were performed after the induction of anesthesia with halothane (1-4%) and the initiation of mechanical ventilation. Upon completion, the halogenated gas was terminated, and 100% oxygen was administered until the dog emerged from anesthesia and was extubated. Subsequently, the animal breathed room air spontaneously and was sedated throughout the duration of the experiments. Continuous infusions of medetomidine (sedation; 2-5 mcg⅐kg Ϫ1 ⅐h Ϫ1 ) and fentanyl (analgesia; 2.5-20 mcg ⅐ kg Ϫ1 ⅐ h Ϫ1 ) were initiated postextubation and maintained for the study duration. Animals were monitored continuously, and signs of pain and distress were evaluated immediately and the infusions adjusted appropriately.
Nitrite infusion. Using pilot experiments to characterize the beaglespecific pharmacokinetics of sodium nitrite, an infusion of 165 mg sodium nitrite over 6 h (27.5 mg/h) was chosen to be administered during the study to reach a targeted plasma nitrite concentration between 15 and 20 M. Animals randomized to groups not receiving sodium nitrite received an equivalent rate and total volume infusion of 0.9% NaCl (normal saline) to serve as a placebo control.
Water-infusion intravascular hemolysis model. A previously developed and validated canine model of water infusion-induced intravascular hemolysis was used in this study (52) . Water-induced hemolysis produces direct intravascular hemolysis, thereby maintaining the same intravascular concentration of total Hb during hemolysis while altering the distribution of Hb between the red cell and plasma compartment. In this model, a 6-h infusion of water (rate: 16 ml⅐kg Ϫ1 ⅐h Ϫ1 ) produces clinically relevant levels of cell-free plasma Hb (20 -300 M heme), simulating an acute hemolytic episode. The extent of hemolysis increases over time, allowing for a graded physiological assessment of vasomotor dysfunction as plasma Hb levels rise. The final levels of plasma Hb would be analogous to those achieved following coronary bypass surgery or a hemolytic crisis induced by paroxysmal nocturnal hemoglobinuria or acute immune-mediated hemolysis. Control animals receive an equivalent rate and total volume infusion of 5% dextrose (D5W) to account for any potential hypotonic and volume effects of the water infusion on hemodynamics. We used a fullfactorial study design with four groups of animals receiving either (1) D5W, (2) D5W plus intravenous sodium nitrite, (3) water, or (4) water plus intravenous sodium nitrite. This design allowed for the determination of the physiological effects of a sodium nitrite infusion, the physiological effects of intravascular hemolysis (water), and the assessment of an interaction between nitrite and hemolysis. Specifically, the interaction statistic tested if the effects of nitrite and Hb were influenced by the nitrite reductase activity of cell-free plasma Hb.
Paired experiments were performed in 20 animals (5 animals/ group). In the first week, all animals underwent a baseline study and received a D5W infusion (16 ml ⅐ kg Ϫ1 ⅐ h Ϫ1 ) through a central venous catheter to determine the physiological effects of the volume load in each animal. The D5W infusion did not cause hemolysis; it allowed each animal to serve as its own control for the effects of a hypotonic volume load in the model. One week later, animals underwent an intervention study and were randomized to receive a 6-h infusion through a central venous catheter of either (1) D5W (16 ml⅐kg Ϫ1 ⅐h Ϫ1 ), (2) D5W (16 ml⅐kg Ϫ1 ⅐h Ϫ1 ) plus nitrite (27.5 mg/h), (3) water (16 ml⅐kg Ϫ1 ⅐h Ϫ1 ), or (4) water (16 ml⅐kg Ϫ1 ⅐h Ϫ1 ) plus nitrite (27.5 mg/h). This paired experimental design allowed for the minimization of animal-to-animal variability by calculating the change for each measurement performed in each animal during the baseline and intervention experiments. Subsequent analyses calculate the differences across treatment groups by subtracting the previously calculated differences within animals (from baseline to intervention experiments) in one treatment group from another treatment group (i.e., comparison of the differences of the differences). This design allowed for analysis of the effects of hemolysis, the effects of sodium nitrite, and detection of any interaction between the two.
Preliminary analysis demonstrated a wider range of hemolysis than previously described secondary to the addition of salt-based therapies (sodium nitrite or sodium chloride) that affected the rate of hypotonic erythrocyte lysis. In these experiments, the 6-h water infusions produced low-rate hemolysis in 50% of the animals and rapid rate hemolysis in 50% of the animals. This created two equal-sized groups of animals with either low or high levels of cell-free plasma Hb, respectively. Both groups had peak cell-free plasma Hb levels that continued to be within a clinically relevant range (20 -200 M heme). Preliminary data analyses also suggested a possible interaction between sodium nitrite and hemolysis that was dependent on the amount of hemolysis (heme concentration Ͻ25 vs. Ͼ25 M). Subsequently, we accounted for the variation in hemolytic rate and this potential interaction by calculating the number of animals needed to determine if there was an interaction between nitrite and hemolysis level (assuming a 1:1 ratio of low-to high-rate hemolysis in animals receiving a water infusion) and included the level of hemolysis in our final data analysis. The necessary additional paired experiments were then performed using the same treatment regimens with a weighted randomization scheme to the following groups: (1) D5W plus nitrite (n ϭ 2), (2) water (n ϭ 5), or (3) water plus nitrite (n ϭ 5). Overall, these experiments used 32 animals.
Sodium nitroprusside challenge. To determine the vascular responsiveness to exogenous NO in the presence and absence of hemolysis and sodium nitrite, all animals received a 20-min infusion of escalating doses of sodium nitroprusside, a direct NO donor (1, 3, 9, and 27 mcg ⅐ kg Ϫ1 ⅐ min Ϫ1 ), at 5-min intervals before the conclusion of the study. These experiments allowed for comparison of a "traditional" NO donor with nitrite to determine if the observed nitrite effects (i.e., Hb-based nitrite reduction) were distinct from a pure NO vasodilatory effect.
Data Collection
Femoral arterial (20-gauge) and external jugular venous (8-French) catheters (Maxxim Medical, Athens, TX) were placed percutaneously under anesthesia using sterile techniques. Mean arterial pressure (MAP) and heart rate (HR) were obtained from the femoral artery catheter tracing. Additionally, a pulmonary artery thermodilution catheter (7-French, Abbott Critical Care, Chicago, IL) was introduced through the external jugular vein catheter to measure cardiac output (CO), mean pulmonary artery pressure (PAM), pulmonary artery occlusion pressure (PAOP), and central venous pressure (CVP). At the end of the first week's fluid control experiments, all catheters were removed and the animals recovered. At the end of the second week's intervention experiments, all animals were euthanized.
Hemodynamic measurements (MAP, CVP, PAM, CO, and PAOP) and laboratory measurements (hematocrit, Hb, serum chemistries, arterial blood gas analysis, spectrophotometric-based quantification of cell-free Hb concentration, and chemiluminescence-based assays of NO consumption and nitrite levels) were obtained at 0-, 1.5-, 3.0-, 4.5-, and 6.0-h time points. Hemodynamic measurements were also obtained at the end of each dose of sodium nitroprusside.
Plasma Nitrite and Hb Assays
Plasma nitrite levels were measured by an I 3
Ϫ -based chemiluminescent assay as previously described using the NO analyzer (model 280i NO analyzer, Seivers, Boulder, CO) (78) . The total plasma Hb concentration (expressed in terms of heme groups, division by four gives the Hb concentration) was measured by visible absorbance spectrophotometry (HP8453 UV-Vis Diode Array Spectrophotometer, Hewlett Packard). The concentration of oxy-Hb and met-Hb were analyzed by deconvoluting the spectrum into components from basis spectra of canine Hb in PBS buffer using a least-square method as previously described, with subtraction of background plasma scattering (32) .
In Vitro Mitochondrial Respiration Experiments
Male Sprague-Dawley rats (175-250 g) were used in accordance with the Animal Care and Use Committee of the National Heart Lung Blood Institute. Liver mitochondria were isolated by differential centrifugation in buffer consisting of sucrose (250 mM), Tris (10 mM), and EGTA (1 mM) as previously described (70) . Mitochondrial respiration was measured by suspending isolated mitochondria (2 mg/ml) in respiration buffer (120 mM KCl, 25 mM sucrose, 10 mM HEPES, 1 mM EGTA, 1 mM KH 2PO4, and 5 mM MgCl2) in a stirred sealed chamber fit with a Clark-type oxygen electrode (Instech) connected to a data recording device (DATAQ Systems). Mitochondria were supplemented with succinate (15 mM) and ADP (1 mM) to stimulate respiration. In experiments testing the effects of nitrite and Hb, sodium nitrite and human purified oxy-Hb (33) were incubated with mitochondria at the beginning of the experiment (70) . In this experimental system, the rate of oxygen generation from the added Hb is less than the rate of oxygen consumption by the mitochondria so that the oxygen increase in the system after Hb addition (20 M) is not detected by the oxygen electrode and not observed in the raw trace unless high concentrations of Hb are added, in which case a transient increase in the oxygen level may be detected. Note that in this system the chamber is opened to air and oxygen is diffusing into the system as well, but the rate of oxygen diffusion into the system is less than the rate of oxygen consumption by the mitochondria. Only after mitochondrial inhibition do the oxygen levels rise to detection by the electrode.
Statistical Analysis
Data were analyzed using ANOVA, with main effects for study (baseline and intervention), hemolysis (0 M D5W, Ͻ25 M heme, and Ͼ25 M heme), nitrite, time, and animal (52) . Two-and threeway interactions were included in the model. Analysis of responses to sodium nitroprusside were performed using ANOVA on percent changes in hemodynamic variables with increasing doses in the intervention experiments with main effects for hemolysis, nitrite, nitroprusside dose, and animal. Two-way interactions were included in the model. All values are depicted in the figures as means Ϯ SE, and all Hb concentrations are expressed in terms of heme groups.
RESULTS
Physiological Effects of Intravenous Sodium Nitrite
While many groups have now confirmed that sodium nitrite is a potent vasodilator in vivo, to our knowledge no group has characterized more specifically its activity in vivo as a relative arterial versus venous vasodilator or its effects on inotropy and chronotropy. An intravenous infusion of sodium nitrite (27.5 mg/h) rapidly increased plasma nitrite levels to a steady-state concentration (range: 15-21 M) that was maintained throughout the duration of the 6-h infusion (Fig. 1A) . In animals receiving a D5W infusion, sodium nitrite increased the cardiac index (CI; P ϭ 0.001) and decreased the systemic vascular resistance index (SVRI; P ϭ 0.04), pulmonary vascular resistance index (PVRI; P ϭ 0.001), MAP (P ϭ 0.08), PAM (P ϭ 0.09), CVP (P ϭ 0.01), and PAOP (P ϭ 0.65) compared with placebo (normal saline) ( Fig. 1, B-H) . These physiological effects suggest that low-dose sodium nitrite is a more potent arterial vasodilator than a venodilator and that nitrite increases cardiac performance by direct afterload reduction. Supporting evidence for the vasodilatory effects of nitrite can be derived by examining the components of CI in the log scale ( Fig. 2 ) (68) . In this format, the individual contributions of each component of CI are additive (normal scale: CI ϭ SVI ϫ HR, log scale: log CI ϭ log SVI ϩ log HR, where SVI is the stroke volume index). This transformation demonstrates that the nitrite-induced increase in CI is mediated predominantly through a sustained increase in the SVI and to a lesser extent by a chronotropic effect. This transformation also accounts for the rise in PAOP during the last 3 h of the experiment (Fig. 1H ). The decrease in HR over time (an effect of anesthesia/analgesia seen in all groups in this model) ( Fig. 2B ) increases diastolic filling time in the ventricles, leading to higher end-diastolic volumes and pressures that translate into increases in PAOP and further increases in SVI. These data imply that nitrite enhances cardiac performance by afterload reduction through an arterial vasodilatory mechanism. These data also indicate that isolated measures of MAP in animal studies may fail to sensitively assess the magnitude of nitrite-dependent vasodilation because of the rise in the CI.
Physiological Effects of Sodium Nitrite During Intravascular Hemolysis
In previous intravascular hemolysis experiments (52) and in the current experiments, cell-free plasma Hb increased systemic arterial pressure, PAM, SVRI, PVRI, and PAOP (Table 1 ; P ϭ 0.04, 0.14, 0.06, 0.42, and 0.21, respectively, for the interaction of hemolysis levels and the mean change in each physiological variable during baseline and intervention experiments). If nitrite functioned purely as an NO donor medication, one would expect the vasoconstrictive effects of intravascular hemolysis to attenuate the vasodilatory effects of nitrite because any NO generated from nitrite would be readily scavenged by cell-free plasma Hb. However, in these experiments, the physiological effects of nitrite were not simply inhibited by increasing levels of hemolysis. In fact, the effect of nitrite was dependent on the level of intravascular hemolysis in an unusual way (Fig. 3) . We detected a consistent U-shaped relationship between the physiological effects of nitrite and the levels of cell-free plasma Hb suggesting an interaction between the effects of nitrite and the amount of intravascular hemolysis ( Fig. 3 ; P ϭ 0.01 for a differing effect of nitrite at low-level hemolysis compared with 0 and high-level hemolysis across the 7 physiological variables combined). At low levels of hemolysis (Hb Ͻ 25 M), the vasodilatory effects of nitrite were apparently potentiated, whereas with higher levels of hemolysis (Hb Ͼ 25 M), the expected inhibition of the vasodilatory effects of nitrite were observed. These results suggest that there are two reactions that regulate the availability of NO at the smooth muscle: the reaction of Hb with NO and an opposing reaction of nitrite with deoxy-Hb that generates NO. Our results demonstrate that at low levels of Hb, the physiologic effects of the latter reaction are detected; however, with increasing Hb concentrations, the former reaction dominates. These effects are examined more closely and compared with the NO donor sodium nitroprusside in additional experiments described below.
Nitrite Levels and Hb Species Formed During Intravascular Hemolysis
In animals receiving nitrite, plasma nitrite levels were similar and were maintained within a range of 16 -20 M throughout the 6-h experiment ( Figs. 1A and 4 ). Intravascular hemolysis occurred at varying rates ( Fig. 4 ). Animals receiving D5W and nitrite represent the zero-hemolysis control group with all measured cell-free plasma Hb levels Ͻ 5 M (data not shown). In animals receiving water and nitrite infusions with low levels of hemolysis (Hb Ͻ 25 M), the average peak cell-free plasma Hb level was 20 M. In animals receiving water and nitrite infusions with high levels of hemolysis, the average peak cell-free plasma Hb level was 142 M. In animals receiving D5W and nitrite (zero hemolysis), 81% of the measured cell-free plasma Hb was oxy-Hb ( Fig. 4 , values depicted as a dark gray reference line in B and E), consistent with observations in normal volunteers and sickle cell patients showing that plasma Hb is maintained largely in the reduced or ferrous-oxygen bound state (HbFe 2ϩ -O 2 ). In hemolyzing animals, oxy-Hb accounted for 71% and 69% of the measured Fig. 2 . Effects of nitrite on the components of the CI in nonhemolyzing animals. The CI (A) and its components (B) were transformed into the log scale to demonstrate the individual contribution of heart rate (HR) and stroke volume index (SVI) to CI in an additive fashion (normal scale: CI ϭ SVI ϫ HR, log scale: log CI ϭ log SVI ϩ log HR) (68) . In animals receiving D5W and nitrite, the nitrite-induced increase in the CI is mediated predominantly through an increase in SVI and to a lesser extent by a chronotropic effect. Over time, the decrease in HR causes further increases in SVI by increasing diastolic filling time in the ventricles, leading to higher end-diastolic volumes. Furthermore, the higher end-diastolic volumes translate into higher end-diastolic pressures, which may explain the increase in PAOP over time (Fig. 1H ). cell-free plasma Hb in animals with low and high levels of hemolysis, respectively ( Fig. 4) .
During nitrite infusions at low levels of hemolysis, nitrite reacted with Hb to form ϳ30% met-Hb (Fig. 4B , values for the D5W ϩ nitrite zero-hemolysis control are depicted as a light gray reference line in B and E). This reaction likely reflects two reactions of nitrite: the reaction of nitrite with oxy-Hb to form met-Hb and nitrate (NO 2 Ϫ ϩ HbO 2 3 met-Hb ϩ NO 3 Ϫ ) and the reaction of nitrite with deoxy-Hb to form met-Hb and NO (as described in the Introduction, Eqs. 2 and 3) . The former reaction decreases NO scavenging, and the latter reaction contributes to NO generation. Note that, paradoxically, there is sufficient oxy-Hb at the end of 6 h to almost completely scavenge and inhibit any NO that might form, yet the nitrite remains vasoactive and potentiated by low levels of Hb (Fig.  3 ). As shown in Fig. 4, B and E, with increasing Hb concentrations, the rate of met-Hb formation increases from 0 to 3 h (P ϭ 0.0001), producing higher levels of met-Hb from 3 to 6 h (P ϭ 0.0001) in animals with higher levels of hemolysis compared with animals with lower levels of hemolysis. This is because the overall reactions of nitrite and Hb are second order during their lag phases, meaning that as the Hb concentration increases, the rate of the reactions increases. Again, we see that the amount of oxy-Hb at the end of the reaction is sufficient to almost completely scavenge any NO that might be formed if nitrite acted as a pure NO donor.
Effects of Nitrite and Level of Hemolysis on Hemodynamic Responses to Sodium Nitroprusside, an Infused NO Donor
Sodium nitroprusside was administered to all animals to determine the physiological effects of a direct NO-donating agent in the setting of hemolysis with and without sodium nitrite. The physiological effects of sodium nitroprusside were dependent on the level (or dose) of hemolysis and the presence of nitrite. As expected, in animals that did not receive nitrite, sodium nitroprusside-induced increases in CI and decreases in SVRI and PVRI were progressively inhibited by increasing levels of hemolysis, suggesting progressive consumption of the donated NO by increasing levels of cell-free plasma Hb during intravascular hemolysis (Fig. 5) . In contrast, the effects of sodium nitroprusside at the three levels of hemolysis were different in animals receiving nitrite compared with animals not receiving nitrite (Fig. 5 ). Compared with nonhemolyzing animals not receiving nitrite (zero hemolysis, no nitrite), nonhemolyzing animals receiving nitrite (zero hemolysis, nitrite) demonstrated blunted effects of sodium nitroprusside on CI, SVRI, and PVRI, suggesting a decreased vasodilator effect of donated NO in the presence of nitrite without hemolysis. If the effect of nitrite on the response to sodium nitroprusside during hemolysis was additive (i.e., the same effect at all levels of hemolysis), then the demonstrated relationship should be a similar linear relationship to the one demonstrated in animals not receiving nitrite, but starting at a smaller magnitude percent change due to the decreased vasodilator effect of donated NO Fig. 4 . Nitrite levels and plasma Hb composition during intravascular hemolysis. A and D: intravascular hemolysis occurred at varying rates in animals receiving water and nitrite infusions. In the low-level hemolysis group (Hb Ͻ 25 M; A), the average peak cell-free plasma Hb level was 20 M; in the high-level hemolysis group (Hb Ͼ 25 M; D), the average peak cell-free plasma Hb level was 142 M. Animals receiving D5W and nitrite represent the zero-hemolysis control group with all measured cell-free plasma Hb levels Ͻ5 M (data not shown). B and E: total plasma Hb composition in the low-level (B) and high-level (E) hemolysis groups (E, met-Hb; F, oxy-Hb). In animals receiving D5W and nitrite (zero hemolysis), 81% of the measured cell-free plasma Hb was oxy-Hb (depicted as dark gray reference lines) and 19% was met-Hb (depicted as light gray reference lines). With increasing Hb concentrations, the rate of met-Hb formation increased from 0 to 3 h (P ϭ 0.0001), producing higher levels of met-Hb from 3 to 6 h (P ϭ 0.0001) in animals with higher levels of hemolysis compared with animals with lower levels of hemolysis. These results can be explained by the fact that the overall reactions of nitrite with oxy-and deoxy-Hb are second order during their lag phases such that increasing Hb concentrations lead to increasing rates of reaction. C and F: in both the low-level (C) and high-level (F) hemolysis groups, plasma nitrite levels were similar and were maintained within a range of 16 -21 M throughout the 6-h experiment. from nitroprusside in the presence of nitrite (comparing zero hemolysis, no nitrite with zero hemolysis ϩ nitrite). However, in animals receiving nitrite, the effects of sodium nitroprusside on CI, SVRI, and PVRI were accentuated with low levels of hemolysis (Hb Ͻ 25 M, nitrite) and then attenuated with high levels of hemolysis (Hb Ͼ 25 M, nitrite) compared with nonhemolyzing animals (zero hemolysis, nitrite) ( Fig. 5 ; P ϭ 0.09, 0.05, and 0.009 for the interaction, demonstrating a different relationship between level of hemolysis and nitrite on the effect of sodium nitroprusside for CI, SVRI, and PVRI Fig. 5 . Effects of nitrite and intravascular hemolysis on cardiovascular responses to sodium nitroprusside. The physiological effects of sodium nitroprusside (a direct NO donor) were dependent on the level (or dose) of hemolysis and the presence of sodium nitrite (P ϭ 0.09, 0.05, and 0.009 for the interaction between level of hemolysis and nitrite on the effect of sodium nitroprusside for CI, SVRI, and PVRI, respectively). Depicted values represent the mean percent changes in the parameter for all doses of nitroprusside for all animals within the specified hemolysis group (0 M, F; Ͻ25 M, E, and Ͼ25 M, ). As expected for a direct NO donor, in animals not receiving nitrite, sodium nitroprusside-induced increases in CI and decreases in SVRI and PVRI were progressively inhibited by increasing levels of hemolysis (A-C; no nitrite). Compared with nonhemolyzing animals not receiving nitrite (zero hemolysis, no nitrite), nonhemolyzing animals receiving nitrite (zero hemolysis, nitrite) demonstrated blunted effects of sodium nitroprusside on CI, SVRI, and PVRI, suggesting a decreased vasodilator effect of donated NO in the presence of nitrite (A-C). In animals receiving nitrite, the effects of sodium nitroprusside on CI, SVRI, and PVRI were accentuated with low levels of hemolysis (Hb Ͻ 25 M, nitrite) and attenuated with high levels of hemolysis (Hb Ͼ 25 M, nitrite) compared nonhemolyzing animals (zero hemolysis, nitrite) (A-C; nitrite). These findings may be explained by the nitrite reduction reaction with Hb (detailed in RESULTS). respectively). Animals with low-level hemolysis demonstrated a similar or greater percent change on the physiological variables than zero hemolysis (instead of the expected smaller effect in an additive model) and animals with higher-level hemolysis demonstrated blunted physiological responses. This interaction is consistent with the U-shaped physiological effects of nitrite demonstrated during the 6-h hemolysis experiment; compared with the effect in animals with zero hemolysis, the physiological effect of nitrite was accentuated with lowlevel hemolysis and then attenuated at higher levels of hemolysis. This interaction may be explained by the additional nitrite reduction reaction with Hb contributing to vasodilation. Nitrite reacts with oxy-and deoxy-Hb to form met-Hb and met-Hb ϩ NO, respectively (10) . These nitrite reactions may lead to enhanced vasodilation by sodium nitroprusside in the setting of low levels of hemolysis by (1) minimizing the amount of oxy-Hb available in the plasma to consume the donated NO from sodium nitroprusside and (2) directly causing vasodilation secondary to the NO generated by the reaction of nitrite with deoxy-Hb. At higher levels of intravascular hemolysis, the nitrite reduction reaction with Hb may be overwhelmed by the large amounts of cell-free plasma Hb that consume any NO formed from the reaction. Consequently, the donated NO from sodium nitroprusside and the generated NO from the reaction of nitrite with deoxy-Hb are consumed by the excess oxy-Hb in the plasma.
Confirmatory In Vitro Mitochondrial Respiration Experiments
In vitro mitochondrial respiration experiments were performed with nitrite and cell-free Hb levels similar to those obtained in vivo to confirm that the effects of nitrite on vasoactivity during hemolysis are dependent on the reaction of nitrite and deoxy-Hb to generate NO. In these experiments, mitochondria serve as NO sensors because NO avidly binds to cytochrome c oxidase to inhibit respiration. In this experimental system, mitochondria suspended in a closed chamber respire until the chamber becomes anoxic (oxygen trace reads zero). Removal of the chamber lid allows oxygen diffusion into the chamber; however, the trace remains at zero due to rapid oxygen consumption by the respiring mitochondria. The oxygen trace deviates from zero only once the mitochondria stop respiring due to the exhaustion of substrate or inhibition (Fig. 6A ). Time to inhibition (oxygen reaccumulation) should be dependent on the rate of NO production from reactions of nitrite with deoxy-Hb and the rate of NO consumption by excess oxy-Hb. With the addition of nitrite (18 M) and low levels of Hb (10 -20 M), mitochondrial respiration was inhibited compared with mitochondria with nitrite or Hb alone. The shortest time to inhibition was observed with nitrite and 20 M Hb, above which increasing concentrations of Hb resulted in longer times to inhibition (Fig. 6B) . These mitochondrial inhibition experiments demonstrated a U-shaped relationship between nitrite and Hb levels consistent with the results of our in vivo experiments. Our animal experiments suggest an interaction between the effects of nitrite and the level of hemolysis such that low levels of hemolysis accentuate the vasodilatory effects of nitrite. These mitochondrial experiments demonstrate that NO generation and accumulation from nitrite reduction by Hb is maximal at low levels of hemolysis and decreases with higher levels of hemolysis. These results suggest that the in vivo accentuated vasodilatory effects of nitrite during low levels of hemolysis may be mediated by the generation of NO from the reduction of nitrite by Hb.
DISCUSSION
Under physiological conditions, our experiments demonstrate that low-dose sodium nitrite is a potent arterial vasodilator that increases cardiac performance by direct afterload reduction with mild chronotropic effects. During hemolysis, we detected a consistent U-shaped relationship between the effects of nitrite and cell-free plasma Hb levels across three experimental settings, suggesting an interaction between nitrite and the level of intravascular Hb.
Nitrite reacts with oxy-Hb and deoxy-Hb to form met-Hb and met-Hb ϩ NO, respectively (5, 11, 16, 31, 33) . During low-level hemolysis, these reactions will minimize the amount of oxy-Hb available in the plasma that can consume NO (via the dioxygenation reaction) and generate NO by the reaction of nitrite with deoxy-Hb. The net result is accentuated vasodilation compared with no hemolysis. At higher levels of intravascular hemolysis, the large amounts of cell-free plasma Hb overwhelms the nitrite reductase reaction of Hb and consumes both the NO formed by nitrite reduction with Hb and endothelium-derived NO. The net result is vasoconstriction compared with low-level hemolysis and no hemolysis. During a sodium nitroprusside infusion with low-level hemolysis and nitrite, the nitrite-oxy-Hb reaction minimizes the oxy-Hb concentration and allows the donated NO from nitroprusside to cause vasodilation. This vasodilation is further accentuated by the production of additional NO from reactions of nitrite with deoxy-Hb. At higher levels of hemolysis, the vasodilatory effects of sodium nitroprusside are attenuated by the high levels of oxy-Hb, which consume both the NO donated from nitroprusside and the NO generated from the reaction of nitrite with deoxy-Hb. During the mitochondrial experiments, maximal NO production and accumulation occurred with nitrite and low levels of Hb because the excess heme groups at higher levels of Hb consumed the NO generated by the nitrite-deoxy-Hb reaction, leading to decreased NO accumulation.
Traditional NO donors, such as sodium nitroprusside, produce dose-dependent vasodilation that is inhibited by cell-free plasma Hb (52) . In contrast, nitrite led to accentuated vasodilation during low-level hemolysis despite the presence of oxy-Hb levels sufficient to scavenge any NO that might be formed if nitrite acted as pure NO donor. The vasodilatory effect of nitrite clearly differs from traditional NO donors in the presence of Hb and can in part be explained by the nitrite reductase activity of Hb (11, 31, 33) . Generation of NO from nitrite and Hb requires both hypoxia and an acidic environment, which are present in hypoxic tissues. This allows for maximal NO generation by the deoxyheme-nitrite allosteric reaction as Hb deoxygenates within the circulation.
This study provides in vivo evidence supporting the theory that Hb possesses a functional nitrite reductase activity. The notable interaction between nitrite and Hb in this study was markedly different from the behavior of a traditional NO donor, sodium nitroprusside. While the latter was inhibited in a dose-dependent manner, the former was potentiated by Hb at concentrations that produced NO in our in vitro mitochondrial NO sensor experiments. In another study with the Kim-Shapiro laboratory (3), we examined how NO could be generated from the nitrite reductase activity of Hb and then be able to escape heme autocapture (via Eq. 1 or an analogously fast reaction with deoxy-Hb). We found that nitrite can also bind to met-Hb to form a nitrite-met-Hb intermediate that possesses nitrogen-dioxide-ferrous Hb character. The NO that forms from nitrite reduction can react rapidly in a radical-radical reaction with nitrogen dioxide to form N 2 O 3 (3) . N 2 O 3 is an uncharged, highly lipophilic, and diffusible molecule that is more stable than authentic NO. N 2 O 3 can nitrosate thiols to form vasodilatory S-nitrosothiols, can homolyze back into NO, or can regenerate nitrite. The apparent inhibition of the nitrite effect at higher Hb concentrations in these experiments indicates that at least part of the mechanism must involve the regeneration of NO, which can be in part scavenged by excess Hb.
The levels of cell-free plasma Hb in the low hemolysis group of this study are consistent with the levels observed during sickle cell vasoocclusive crisis (40, 58, 65) and during other clinically relevant human hemolytic conditions such as cardiopulmonary bypass, malarial infection, hemolytic-uremic syndrome/thrombotic thrombocytopenic purpura, paroxysmal nocturnal hemoglobinuria, alloimmune hemolytic anemia, and rhabdomyolysis (myoglobin) (12, 40, 55, 58, 63, 65, 69) . All of these conditions have now been associated with progressive vasculopathy and pulmonary hypertension and are associated with systemic NO scavenging by plasma Hb (22, 52, 67) . Furthermore, hemolysis is associated with platelet activation and inhibition of NO-cGMP signaling in platelets (75) . These represent processes in which the allosteric nitrite reductase activity of Hb may make nitrite an ideal therapeutic agent to attenuate the effects of accelerated NO scavenging by cell-free Hb released during intravascular hemolysis (1, 17, 19, 41, 52, 59, 65) . In these clinical scenarios, the administration of low-dose nitrite will have minimal physiological effects in normal tissues. However, in tissues that have become hypoxic secondary to vasoconstriction from accelerated NO scavenging by cell-free Hb, low-dose nitrite may cause vasodilation by (1) reacting with oxy-Hb to form met-Hb, thereby preventing NO scavenging; and (2) reacting with deoxy-Hb to generate NO and met-Hb. The net effect would be hypoxic vasodilation in local tissues that have become ischemic from the vasoconstrictive effects of accumulating cell-free plasma Hb from ongoing low-level intravascular hemolysis.
In addition to low-level intravascular hemolysis, nitrite may also have a therapeutic role in minimizing the vascular toxicities of more severe episodes of intravascular hemolysis (cellfree plasma Hb levels Ͼ 50 M) and the administration of several types of cell-free Hb-based blood substitutes (cell-free plasma Hb levels Ͼ 600 M) (14, 15, 28, 29, 77) . In these clinical scenarios, the ability of nitrite to attenuate the physiological effects of cell-free plasma Hb will be overwhelmed by the accelerated NO consumption caused by the large amounts of plasma Hb. However, in these scenarios, the affected tissues and organs will subsequently develop areas of hypoxia and acidosis. Within these areas, there will be accelerated reduction of nitrite by deoxygenated cell-free plasma Hb leading to local NO generation and vasodilation. Therapeutic strategies to deliver Hb-based blood substitutes will either require increasing the molar ratio of nitrite to Hb or will require modulating the reaction kinetics by increasing the concentration of nitrite bound to met-Hb (to facilitate the formation of N 2 O 3 ) (3), decreasing the Hb oxygen affinity (so that there is more deoxyheme to reduce nitrite), or decreasing the redox potential of the heme-based blood substitute (to increase the reactivity with nitrite). Therefore, despite not reversing global physiological changes during high-level canine hemolysis, nitrite may be able to limit organ damage and dysfunction during severe hemolytic episodes and during the administration of Hb-based blood substitutes. In these situations, the optimal dose of nitrite with Hb for resuscitation that maximizes NO generation and minimizes Hb oxidation (which would limit oxygen transport of Hb) has yet to be determined.
Conclusions
Nitrite is a unique vasodilator. Under normal physiological conditions, low-dose nitrite is potent arterial vasodilator that increases cardiac performance by direct afterload reduction. During hemolysis, the allosteric nitrite reductase activity of Hb produces an accentuated vasodilatory response to nitrite during low levels of hemolysis that is overwhelmed during high levels of hemolysis. These unique properties of nitrite and Hb may allow nitrite to be used as therapy during episodes of acute intravascular hemolysis or potentially to detoxify cell-free Hb-based blood substitutes. 
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